INtRoductIoN
The nonlinearity and phase transitions shown by soft matter in a flow field are of practical importance because of the marked changes in flow properties that occur. The also pose a fundamental question: what underlying principle determines the state of the system in a nonequilibrium field?
The bilayers spontaneously formed when an amphipathic molecule is dispersed in water form spongiform, lamellar and other higher order structures, which show the stratified ordering of structure peculiar to soft matter. In particular, since its discovery by Roux's group some 15 years ago, the transition to a multilamellar vesicular phase induced when shear flow is imposed on lamellar structures has aroused the interest of numerous investigators [1] [2] [3] . The term "multilamellar vesicle" here denotes a vesicle in which several hundred to a thousand or so bilayers form a closed, concentric sphere as distinct from the monolaminar vesicle created by the closure of a single bilayer formed by molecular association in a surfactant monomer; its characteristic structure has also earned it the name "onion phase". Isotropic structures commonly change to anisotropic structures in a flow field: seen in this light, the lamellar-multilamellar vesicle transition due to shear flow represents a different, flowinduced structural transition in the opposite direction, from a structure exhibiting anisotropy to a structure that exhibits isotropy.
Investigators have found this interesting for a number of reasons:
1. as a non-equilibrium structure formed in flow, the phase is difficult to produce in a stationary field;
2. despite its non-equilibrium character, the structure is metastable and does not readily revert to lamellar phase when shear flow stops; and 3. vesicle size is amenable to control by manipulation of shear rate.
In the applications context, features (2) and (3) have raised the prospect of developments such as drug transport or the provision of a microreaction field. The lamellar phases of many surfactants and block copolymers, ionic or nonionic, are known to form multilamellar vesicle structures in shear flow [1] [2] [3] . However, given the difficulty of making structural observations in a flow field, the mechanism of structural transition remains largely unknown.
This review looks first at the problems posed by the lamella-multilamellar vesicle structural transition of the lamellar phase of bilayer systems in flow for the simplest of all lamellar systems, namely the binary system of water and a nonionic surfactant lamellar phase. It then outlines the author's own research on the control of multilamellar vesicle formation in a bilayer system complexed with polymer chains, and the structural reversibility of multilamellar vesicle structures with respect to shear rate [4] [5] [6] .
PRobleMS RaISed by the FoRMatIoN oF SheaR-INduced MultIlaMellaR veSIcleS
An aqueous solution of the nonionic surfactant C 10 E 3 (triethyleneglycol ethyl ether) used for the investigation forms a lamellar phase at ambient temperature over a wide concentration range [7] . Figure 2 is the dynamic phase diagram for formation of the shear-induced multilamellar vesicles obtained from the lamellar phase of the C 10 E 3-water binary system at a surfactant volume fraction of f = 0.44 (corresponding to a weight fraction of 0.4) at a temperature of 25°C.
Alongside the shear rate ( & γ ) dependence of the multilamellar vesicle radius R and steady state viscosity h, the figure shows polarising photomicrographs taken at different shear rates. In examination by polarising microscope under flow conditions, the polariser and detector are oriented respectively in the direction of flow and at right angles to flow. The multilamellar vesicle has a structure analogous with a spherulite and can hence be recognised under the polarising microscope as a tiled pattern of concatenated Maltese crosses. The system exhibits non-Newtonian behaviour in the low shear rate region I, and since microscopic examination discloses only the characteristic mosaic pattern of the lamellar phase in this region (see for example the micrograph at a shear rate of 3 s -1 ), it is clear that the multilamellar vesicle structure has not yet formed. Once the shear rate exceeds a certain threshold, shear thickening behaviour is seen (region II), and above the same shear rate threshold, the photomicro graphs show the tile pattern unique to the multilamellar vesicle phase. Clearly, therefore, the shear rate at which shear thickening commences corresponds with the critical shear rate for multilamellar vesicle formation [8] . However, from the irregularity of the tile spacing, in other words the size of the multilamellar vesicles in region II, it is evident that polydisperse multilamellar vesicles predominate in the shear thickening region. Further increase in shear rate shifts the shear rate dependence of the steady state viscosity from shear thickening to shear thinning (region III). Monodisperse multilamellar vesicles are obtained in this region, the microphotographs revealing a decrease in vesicle size with increase in shear rate. Examination of the shear rate dependence of multilamellar vesicle size within the limits of resolution of the microscope reveals that the vesicle radius R obeys the power law R µ -0.5 .
Critical shear rate for formation of multilamellar vesicles

Zilman-Granek model
The existence of a critical shear rate for the formation of multilamellar vesicles was predicted theoretically in 1999 by Zilman and Granek [9] who advocated a mechanism of multilamellar vesicle formation that can be described qualitatively as follows. A bilayer in a stationary field executes a rippling motion due to thermal fluctuation, but in flow the bilayer deforms so as to elongate the undulations. Where the undulations are stretched, excess area is created in the bilayer. However, elongation of the newly created excess area conflicts with the assumption of invariant specimen volume (imagine the folds in a creased sheet being stretched within a given volume). As a result, transverse pressure acts on the bilayer, which buckles. On the basis of this mechanism, Zilman and Granek calculate the critical shear rate for buckling from the balance between the stress generated on the bilayer membrane surface and the elasticity required to stretch the bilayer; however, the theoretical predictions are some 1,000-10,000 times greater than the values actually observed and cannot fully account for the experimental results. The disparity between experiment and theory is presumably due to the initial assumption that the undulations in the bilayer are dynamically linked with the flow field. The wavelength in lamellar undulation mode is of nanometre scale, and as the relaxation time of the fluctuation is between several tens of nanosecond and one microsecond, it is unlikely [10] that such fast relaxation would be controlled by a shear rate of several s -1 ; a mechanism that treats buckling instability as the trigger for multilamellar vesicle formation would thus seem unacceptable. Further reasons for the disparity between experiment and theory are failure to take into account the fluctuation in concentration of the bilayer in the lamellar phase and the existence of innate defect structure in the lamellar phase.
wunenburger model
Wunenburger et al. [11] concentrate on the fact that the repeat period of the lamellae is of the order of several nm-several 100 nm, and that in a coaxial tube Couette cell, the central axes of the cup and bob are unlikely to coincide at a level of precision comparable with this lamellar repeat period (the same applies to a coneplate cell). If the central axes of the cup and bob are slightly displaced, imposition of a shear strain on the specimen will result in cyclic compressive-dilative strain. Suppose a lamellar phase sandwiched between two sheets is expanded while the number of bilayers is kept constant: because the inter laminar distance increases in response to expansion, interlaminar steric repulsion will weaken and undulations will therefore be induced in the bilayers. Wunenburger et al. argue that these undulations induced by compressive-dilative strain are responsible for instability developing in the bilayer, and reproduce in qualitative form the dynamic phase diagram of multilamellar vesicle formation obtained experimentally by Diat et al. [1, 11] . A similar compressive-dilative strain will be imposed in flow if defects in the lamellar phase give rise to a local difference in the number of bilayers, so that, setting aside any problem with the experimental apparatus, the model can be applied to a lamellar phase containing many defects. However, since no mechanism is offered to link the development of instability to multilamellar vesicle formation, the model does little to elucidate the mechanism of vesicle formation; and the relation between shear thickening behaviour and multilamellar vesicle formation is still unclear.
Shear rate dependence of multilamellar vesicle size
In an analysis of scaling behaviour relating to the shear rate dependence of multilamellar vesicles seen in Figure 2 , Diat et al. derived the relation R = 4π(κ + 2κ) / η& γd from the balance between the viscous stress h applied as an external field and the elastic stress 4p(k+`k)/dR² required to bend all of the bilayers making up the multilamellar vesicle [1] , where k and `k are respectively the mean curvature modulus associated with deformation of the bilayers due to thermal fluctuation and the Gaussian curvature modulus governing the topology of the bilayer, and d is the lamellar repeat distance. The scaling law predicted with this relation, while agreeing with the exponent in the shear rate dependence of multilamellar vesicle size in Figure 2 , does not agree with experiment in the high shear rate region [12] . There would seem to be a problem in representing the elastic stress in a multilamellar vesicle purely by the curvature energy of the bilayer; moreover, in practice, the compressive modulus of the bilayer created as the multilamellar vesicle deforms would also need be taken into account.
The confusion surrounding the mechanism of multilamellar vesicle formation and the shear rate dependence of vesicle size derives from the difficulty of observing the structural transition experimentally. The lamellamultilamellar vesicle transition is accompanied by marked changes in viscoelastic properties and the transition behaviour has been studied by combining light scattering or neutron scattering with viscometry; in observations on the three-dimensional structure in flow, however, the large separation in wavelength between visible light and X-rays or neutron radiation effectively means there is a lack of structural information on the scale intermediate between the micro and meso, as in the defect structures contained in the lamellar phase.
Sections 3 and 4 review the author's attempts to gain a fresh insight into the mechanism of multilamellar vesicle formation and the shear rate dependence of change in vesicle size.
Shear-induced formation of multilamellar vesicles in a complex bilayer system
A complex bilayer system produced by mixing an amphipathic block copolymer with a surfactant lamellar phase allows the bilayer undulation to be controlled via the entropic elasticity of the polymer chains adsorbed on the bilayer membrane surface. We discovered that the polymer chain concentration in the water layer between bilayers could be used to control undulation, and that there was a possibility of controlling the ease of shearinduced lamella-multilamellar vesicle transition [4] .
The samples of complex bilayer lamellar phase were prepared using the block tercopolymer Pluronic P105 made by BASF and the nonionic surfactant C 10 E 3 . Pluronic P105 has a structure in which hydrophobic PPO chains are sandwiched between terminal hydrophilic PEO chains. The respective degrees of polymerisation are 37 and 56. The lamellar phase of a C 10 E 3 /water binary system has a bilayer thickness of 3.3 nm; the thickness of the interlaminar water layer [8] is 3.5 nm. The radius of gyration of the PEO chain serving as hydrophilic group in Pluronic P105 may be found from the empirical relation [13] 
water layer and will leave scant space between bilayers. The threshold value for complete coverage of the bilayer membrane surface with PEO chains is X* P = 2 mol% and the overlap concentration C* of polymer at which polymer chains lie in contact within the interlaminar water layer is roughly 1 mol%. On the basis that the number of moles of surfactant C 10 E 3 at a surfactant volume fraction of 0.44 is n 40 surf = 6.87×10 -3 mol, the total moles of solute was fixed at n 40 surf = n surf + n polym and samples were prepared with the mole fraction of polymer chains X P (=n polym /n surf + n polym ) in the range 0.2% to 1.5 mol% so as to encompass the interlaminar concentration C* of polymer chains. Figure 3 shows the shear rate dependence of steady state viscosity in samples of different polymer concentration. For comparison, the shear rate dependence of steady state viscosity in the C 10 E 3 /water binary system is also shown. As noted in Section 2, multilamellar vesicle structure begins to form at the start of shear thickening; attention is therefore on the critical shear rate for shear thickening. In contrast to the system without polymer added, the complex bilayer lamellar phase incorporating polymer at low mole fraction (X P = 0.2 mol%) shows a decrease in the critical shear rate for shear thickening to 1.5 s -1 , indicating that formation of multilamellar vesicles has been promoted. However, at high mole fraction (X P ≥ 0.8 mol%) the critical shear rate shifts upward to a higher rate, and shear thickening behaviour is found to be completely inhibited at concentrations (X P ≥ 1.2 mol%) higher than the polymer overlap concentration C* (1 mol%) in the interlaminar water layer.
What of the structure and size of the multilamellar vesicle in a complex bilayer system? Investigation of the shear rate dependence of multilamellar vesicle size by rheo-small angle light scattering (Rheo-SALS) using the polarised light extinction technique ( Figure 4 ) revealed a scattering peak in samples without polymer added, suggesting formation of monodisperse multilamellar vesicles as the shear rate increased; in the complex bilayer system, on the other hand, only a broad scattering pattern was seen at low wave number, with no distinct scattering peak at high shear rate. This clearly shows that large, polydisperse multilamellar vesicles are formed in the complex bilayer system. With increase in polymer concentration, the scattering pattern expands to a wider angle but remains as broad as before; clearly, therefore, increased polymer concentration contributes to increased polydispersity. Examination of the microscopic structure of the bilayer by small angle neutron scattering ( Figure 5) showed that whereas the system without polymer added had only a primary peak reflecting the lamellar repeat distance (d = 6.8), the complex bilayer system (X P = 1.0 mol%) mixed with polymer up to the overlap concentration C* underwent phase separation into lamellae of wide interlaminar spacing (d w = 7.8 nm) and lamellae of narrow spacing (d n = 4.6 nm). Lamellalamella phase separation with increase in the density of grafted polymer chains on the bilayer membrane surface is known to be due to depletion interaction elicited by loss of coordination entropy by the polymer chains in bilayer deformation [14] [15] [16] .
Assuming no change in thickness of the bilayer on mixing with polymer chains, we would expect the lamellar phase of wide spacing (d w = 7.8 nm) to be constituted by a complex bilayer with PEO chains of diameter 2.4 nm grafted on both sides of a bilayer of thickness 3.3 nm, while the narrowly spaced lamellae would be constituted by surfactant bilayer of reduced interlaminar spacing. The complex bilayer with polymer adsorbed at high density should have a high compressive modulus and bending modulus because of the increased elastic force in the bilayer due to the coordination entropy of the polymer chains adsorbed on the bilayer membrane surface. Hence, inhibition or blockade of multilamellar vesicle formation in the vicinity of the overlap concentration C* of PEO chains in the interlaminar water layer, and formation of large multilamellar vesicles, can be explained by the change in elastic properties of the bilayer deriving from loss of coordination entropy by the molecular chains.
The question then is how to interpret the effect in promoting multilamellar vesicle formation observed below the PEO chain C* concentration in the interlaminar water layer. At concentrations below C*, the interlaminar distance and compressive modulus of the bilayer become irregular owing to the non-uniform distribution of molecular chains on the bilayer membrane surface ( Figure 6 ). Owing to the non-uniformity in interlayer spacing, the complex bilayer is repeatedly exposed to large compressive-dilative strain in flow, and the rippling induced by this would be deformed by shear flow, promoting the formation of multilamellar vesicles. The polymer chains would then induce deformation of the bilayer so as to preserve coordination entropy. Formation of a polydisperse onion structure presumably reflects the bilayer deformation induced by polymer chains and its non-uniformity of distribution.
The author's group believes that non-uniformity of interlaminar distance and deformation of the bilayer driven by the coordination entropy of the molecular chains are responsible for promoting formation of multilamellar vesicles. To test the validity of this we are currently studying the response of multilamellar vesicle formation to variation in polymer chain length. If the above view is correct, the mechanism of formation of multilamellar vesicles by shear flow would support the scenario advocated by Wunenburger, namely that the generation of undulations by compressive-dilative strain is the trigger for multilamellar vesicle formation, rather than the Zilman-Granek model touched on in Section 2. The key to a deeper understanding of multilamellar vesicle formation is undoubtedly further experimentation.
coNtINuouS-dIScoNtINuouS GRowth oF StRuctuRe IN MultI laMellaR veSIcleS
The shear-induced multilamellar vesicle formed by a binary system lamellar phase is monodisperse and the shear rate dependence of radius obeys a power law (R µ 5 ). The multilamellar vesicle is a non-equilibrium structure, and although responding sensitively to flow, it is metastable, maintaining its structure for several weeks once formed. A possible mechanism for the decrease in size in flow is that the decrease is a continuous stripping away of the bilayers as the shear stress exceeds the interfacial tension of the bilayer forming the outer shell of the multilamellar vesicle. During growth, on the other hand, the total number of bilayers making up the multilamellar vesicle must be augmented and for this to happen either some vesicles must break down and wrap around as a shell, or the vesicle must grow by repeated coalescence. If we take the shear rate as a parameter of disequilibrium, how would the size of the multilamellar non-equilibrium structure respond to sudden change in shear rate, i.e. change in the level of dis equilibrium? Again, if structural reversibility obtains in response to shear rate [5, 17] , what decides the pathway transforming multilamellar vesicles from non-equilibrium to non-equilibrium structure?
For the same C 10 E 3 /water binary system lamellar phase as in Figure 2 , small multilamellar vesicles were prepared at high shear rate ( & γ i = 100 s -1
) and the change in transient viscosity with time was followed immediately after the shear rate had been stepped down to different low rates & γ f as in Figure 7 . Figure 8 shows parallel results from polarizing microscope observation of the development of structure after shear quench. . Since multilamellar vesicles of isotropic structure show no significant birefringence, the field darkens under a polarizing microscope, whereas the structurally anisotropic lamellar phase shows strong birefringence. The observation of a bright banded structure (shear band structure) oriented in the direction of flow 500 s after shear quench indicates that the multilamellar vesicle is sensitive to external perturbation and promptly collapses to lamellae. A lamellar phase domain is formed after 1,000 s owing to breakdown of multilamellar vesicles, and after 3,000 s the entire system reverts to lamellar phase. The transient viscosity after some time has elapsed in Figure 7a corresponds roughly to the viscosity in the Newtonian region in Figure 2 . (Figure 8b ) revealed that after decay of transient viscosity due to the collapse of multilamellar vesicle structure, fresh multilamellar vesicles are re-formed from the lamellar phase. Thus, the change in size between multilamellar vesicle structures is discontinuous, the monomer transport process required for vesicle growth providing a powerful driving force for structural breakdown. However, when there is no great difference between the initial shear rate ( & γ i = 100 s -1
) at which the multilamellar vesicles are prepared and the final quenched shear rate (Figures 7c  and 8c ), the transient viscosity shows no change with time and microscopic examination reveals no sign of lamellar phase re-forming as the vesicles collapse: the evidence would thus suggest that multilamellar vesicle growth is a continuous process, and that a threshold shear rate exists for multilamellar vesicle breakdown. the development of transient viscosity in Figure 7 . The solid line is the plot & γ i = & γ f while the dotted line plots the threshold of continuous-discontinuous change. The threshold was found empirically to be & γ f ~ 0.5 & γ i from the experiments. The threshold shear rate for continuousdiscontinuous growth is also the threshold determining whether or not the multilamellar vesicle structure collapses. The curvature dependence of elastic energy in bending of the bilayers in the interior of the multilamellar vesicle would explain why change in shear rate drives onion breakdown. Thus, bilayer curvature increases towards the centre in the vesicle interior and hence the bending elastic energy also increases; an elastic stress gradient will therefore be formed in the vesicle interior in the direction of the radius vector. Shear quench reduces viscous stress, and if the excess energy in the multilamellar vesicle interior is large compared with this, monomer and solvent will be transported from the middle of the vesicle, resulting in structural breakdown. In other words, structural breakdown may be attributed to the effect of decreasing shear rate in reducing the hydrodynamical energy dissipation that balanced the high internal elastic free energy of the multilamellar vesicle at a given shear rate. This suggests that the pathway along which the structure of the system changes in flow is determined by the hydrodynamic energy dissipation connected with the mobility of the material; and provides the first indication of the possibility of quantifying the energy of the multilamellar vesicle interior experimentally by means of the experimentally obtained threshold & γ f ~ 0.5g I for continuous-discontinuous growth. It should be possible to clarify the contribution of the elastic energy of the bilayer to the shear rate dependence of multilamellar vesicle size by adjusting the elastic energy gradient and controlling structural breakdown behaviour by replacing the multilamellar vesicle interior with a rigid colloid particle.
coNcluSIoNS
The foregoing account has looked at the mechanism of formation of the multilamellar vesicle structure developed by the lamellar phase of a bilayer system in flow, and the non-equilibrium change in this structure, with particular reference to the author's own research. The stability of the structure formed in the non-equilibrium state is not determined solely by the thermodynamic energy that would describe equilibrium structure: it is also important to consider the mobility of internal degrees of freedom of the constituent elements, etc, and the dynamic change in energy density. As to the behaviour of complex bilayer systems in forming multilamellar vesicles, the deliberate introduction of non-uniformity of bilayer elastic properties by complexing of the bilayer is providing new insights into the mechanism of formation of the vesicles. The powerful effect that the entropy of the small amount of guest component, i.e. polymer chains, has on the formation of structure at the meso-scale in the bilayer system could prove significant for applications, e.g. for vesicle size control. It also suggests the possibility that, as seen in the growth of multilamellar vesicles, the pathway along which structure changes in the nonequilibrium state varies with the energy dissipation due to monomer and solvent diffusion i.e. with changes in the transport coefficients of the constituent elements, as well as the usual thermodynamic variables describing thermal equilibrium states. Identification of the principle responsible for such destabilisation of structure and change in state during flow may afford a valuable clue to the design and creation of high functionality materials in the complexing of soft matter.
